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This paper describes the work that has been conducted at the University of Bristol on the use of computational fluid dynamic (CFD) modelling to aid the design of retail display cabinets and storage rooms.
In 2002, sales of chilled and frozen food in the UK was £83.68 billion (Anon, 2003).  The majority of this food was kept in chilled storage rooms at different stages in distribution and sold from retail display cabinets in supermarkets.  Maintaining the temperature of food to optimise food quality, safety and shelf life is of vital importance to retailers (Olsson, 1990).
In the UK the majority of chilled food is sold from multi-deck cabinets.  These cabinets are open fronted to allow customers easy access to the food and to maximise the amount of product displayed.  Although these cabinets provide an attractive and simple means for customers to select food it has been shown that mean food temperatures in these cabinets can range from -1°C to +16°C (James & Evans, 1990).  This range causes food manufacturers problems when defining shelf life and results in shelf lives that are either unduly cautious or potentially risky.
Open display cabinets are one of the weakest links in the chilled food chain (Cortella & D’Agaro, 2002) and large (>5°C) temperature differences are found in most cabinets.  This is due to the technical difficulties in reducing the difference between the lowest temperature packs, which are usually, sited at the rear of the cabinet and the highest temperature packs, sited at the front of the cabinet.  In the majority of multi-deck retail display cabinets the evaporator is in the base of the cabinet and fans blow air through the evaporator and up a duct at the rear of the cabinet.  Air exits the duct through holes or slots in the cabinet rear grille into the cabinet.  Air is also ducted through the cabinet canopy and through a slot or honeycomb grille placed at the front of the canopy, termed the air-off grille.  The purpose of the air-off grille is to create a vertical air curtain from the front of the cabinet canopy to a grille placed at the front of the cabinet well, termed the air-on grille.  The air curtain creates a non-physical barrier between the cold air in the cabinet and the ambient air outside.  Due to the air from the curtain being colder than the surrounding air it will also fall due to buoyancy.  As the air curtain falls from the cabinet air-off duct, the curtain entrains cold air from inside the cabinet (entered through the rear grille) and warm air from the test room.  The entrainment of warm air from the test room causes the air curtain to become warmer as it falls down the cabinet.  The major refrigeration load on multi-deck cabinets is from infiltration through the open front of the cabinet.  Baxter (2004) estimated the infiltration through the front of an open fronted multi-deck cabinet to be 76% of the refrigeration load. 
Air infiltration can account for more than half the total heat load for refrigerated stores.  It is also the main source of frost on evaporators and can lead to accidents caused by ice. The traditional, and most common, equipment for reducing infiltration is the transparent PVC strip curtain.  However, it is reported that ‘they are generally considered as unsafe, not particularly efficient, unhygienic and requiring much maintenance and it is possible that they maybe banned in the future.’  Vestibules (air locks) and flexible, fast-opening doors, often in combination with each other, are other methods employed to reduce infiltration.  Vestibules restrict access, are difficult to fit to existing sites and can be bulky.  Flexible, fast-opening doors have heavy maintenance requirements and reduce vision for forklift truck operators.
Air curtains reduce infiltration without taking up as much space as vestibules and without impeding traffic. Air curtains consist of a fan unit that produces a jet of air forming a barrier to heat, moisture, dust, odours, insects etc.  In the case of cold store air curtains, the fan unit is usually above the door blowing a jet vertically down.  Some air curtains re-circulate their air via a return duct but it is simpler and more common not to do so.
Materials and methods
Retail display
Studies were carried out using computational fluid dynamic (CFD) modelling to rapidly identify the changes that would be required to an existing refrigerated multi-deck display cabinet to improve its performance. A Pastorfrigor MV 200TP chilled multi-deck retail display cabinet was used in the study.  It was 2 m long with a single refrigerated air curtain.  The cabinet defrost was off-cycle (refrigeration system switched off for a period of time to allow any ice build up on the evaporator to melt). The tests were carried out in a test room conforming to EN441 standards and controlled to climate class III (temperature of 25°C and relative humidity of 60%).  Two hundred and twenty standard 1 kg packs and 108, 500 g packs, as specified in EN441-4, were placed in the cabinet using the loading pattern specified in EN441-5 for a cabinet intended for the display of sensitive products.  Fifty-four of the 500 g packs were ‘m’ packs, which had a calibrated T-type thermocouple inserted into the geometric centre of the pack. Tests were carried out of temperature performance (according to EN441-5) and energy consumption (according to EN441-9) over a 24-hour period.  Temperature of the air and 'm' packs, relative humidity and power were recorded every minute using a data logging system (Datascan modules, Measurement Systems Ltd.) to an accuracy of ±0.1°C, ±3 % and ±3 W respectively. 
A predictive model of different regions of the cabinet that had been identified to have problems was created, because it was not feasible to create a model of a whole cabinet that included the necessary detail.
Three-dimensional predictive models were created using CFX 5.5.1 (CFDS, AEA Technology), a commercially available CFD code.  This uses the finite volume technique and an automatic unstructured mesh generator based on a tetrahedral mesh discretisation.  It was prohibitively computer intensive to model turbulence directly and therefore a turbulence model (k-ε) was used.  The (k-ε) turbulence model provided a good compromise between numerical effort and computational accuracy 
Storage rooms
Experimental studies were carried out on a cold storage room with internal dimensions 4.8 m x 5.8 m x 3.8 m (Foster et al. 2002, 2003).  The room had an entrance with dimensions 1.36 m wide x 3.2 m high, which was closed off by a sliding door.  The thickness of the door-frame was 0.16 m.
A 1.0 m long air curtain with a 30 mm slot (Model TS-40, Thermoscreens Ltd, Hants., UK) was fitted centrally above the door on the outside of the cold store.  The air curtain was fitted and set up by a contractor and had controls to enable adjustment of the jet velocity and angle. 
Measurements of the jet velocity were made across the width of the air curtain duct with a hot wire anemometer (Model 1650, Thermo Systems Inc, Bristol, UK) (accuracy ±2%) whilst the door was fully open.  Air exchange was calculated by the measured decay of an elevated CO2 concentration in the room over time.  CO2 was released into the room and mixed using the evaporator fans to give a concentration of approximately 0.5% (5 000 ppm).  All CO2 concentrations were measured with a CO2 infra-red analyser (Model ABPA-210, Horiba Ltd, Kyoto, Japan) (accuracy 5% of full scale). 
A 2-D model was created using CFX 5.7.1 (ANSYS Inc., Canonsburg, USA), a general purpose CFD code.  The domain of the 2-D model only covered the width of the air curtain (1.0 m).  The 2-D model was created using 3-D finite volume code and by fixing only one numerical mesh cell over the width of the domain and applying symmetrical boundary conditions to the faces at either side.  
The domain of the model contained the volume inside the cold store for the width of the air curtain (initially at –20°C) and a much larger volume outside the cold store (initially at +20°C), to provide a source of warm air for exchange.  The volume outside the cold store was 8 times larger than the volume inside the cold store for the ‘air curtain not operating’ condition (jet velocity of 0) and 4 times larger for all the ‘air curtain operating’ conditions.  This gave a good compromise between accuracy and numerical speed.
Results and discussion
Retail display
To comply with EN441 the temperature of all ‘m’ packs over the 24-hour period have to be within the temperature range specified.  Prior to modifications the temperature of all ‘m’ packs was above –1°C and below 7°C.  However, only 42 'm' packs (out of 54) spent the entire test period between -1 and 4°C.  A maximum temperature of 6.9°C was measured in the ‘m’ pack positioned at the top right front of the well.  A minimum temperature of –1.0°C was recorded in the ‘m’ pack situated at the top rear left of the well.  The area of most concern in terms of high temperatures was located at the centre and right front of shelf 1 and the front edges of the well. 
The energy consumed by the refrigeration system, fans and cabinet lights throughout the 24 h test was 118 MJ giving an average power consumption of 1.37 kW.  The refrigeration compressor ran for 77% of the test period.
Based on the CFD predictions, a number of modifications were carried out to the cabinet by the manufacturers (Figures 1 and 2).  A longer evaporator was fitted to the cabinet, which reduced the gap at each end from 110 to 70 mm.  The evaporator was repositioned forwards of the duct by 100 mm and an angled diffuser was used to gradually widen the duct from the edge of the evaporator to the edge of the cabinet.  A deeper air curtain grille (with honeycomb) was fitted to the canopy.  This air curtain grille was 60 mm deep and angled by 8° away from the cabinet.  An additional fan was also fitted to the evaporator to provide a more uniform flow through it.
A further improvement was made by FRPERC during testing.  This was to place a riser at the rear of the shelf to prevent the test packs blocking the rear air grille. 
The cabinet was retested after modifications had been carried out.  Throughout the test all ‘m’ pack temperatures were at or above –1°C.  Fifty-three of the 54 ‘m’ packs spent the entire test period below 4°C.  One ‘m’ pack, positioned at the front top centre of the well, reached the highest temperature of 4.4°C during the defrost period.  This pack spent 19% of the test period at a temperature above 4°C.  The lowest temperature of –1.0°C was recorded in the ‘m’ pack situated at the rear right top of shelf 5.
The energy consumed by the refrigeration system, fans and cabinet lights throughout the 24 h test was 111 MJ giving an average power consumption of 1.29 kW.  The refrigeration ran for 77% of the test period


Figure 1.  Streamlines predicted by CFD from the exit of the evaporator for the un-modified cabinet. 

Figure 2.  Streamlines predicted by CFD from the exit of the evaporator for the modified cabinet (length of evaporator extended such that there was only a 50 mm void at each end of the cabinet, evaporator moved forward by 80 mm and angle to expand air to the edge of the duct).
Storage rooms
Measured values of the static effectiveness of air curtains as found installed on cold stores (before improvements were made) have been between -0.44 and 0.78.  An effectiveness of 1.0 means that infiltration is totally eliminated, 0 means that there is no effect on the infiltration and a negative value indicates that the infiltration is worse. Trials were carried out on the air curtain, as installed and set up by the contractor, who set it to its lowest velocity and pointing vertically downwards (0° to the vertical).  The jet velocity of the air curtain across the width of the duct averaged 10.5 ms-1.  The measured effectiveness of the air curtain was 0.2 for a door opening of 10 s duration and 0.31 for 30 s.

Figure 3.  CFD predicted air exchange through the entrance at different door open durations and jet velocities at a jet angle of 0˚.
Figure 3 shows the predicted air exchange of the cold store against door open duration for different air curtain jet velocities at a jet angle of 0˚.  The most effective jet velocity (lowest air exchange) was dependant on the door open duration.  For a door open duration of more than 13 s a jet velocity of 10.4 ms-1 was the most effective. For a door open duration of between 4 and 12 s a jet velocity of 12.5 ms-1 was the most effective.  For the first couple of seconds of door open duration, the jets are establishing themselves.  At 23 s door open duration the 8 ms-1 jet becomes more effective than the 18 ms-1 jet.  Vector plots of the 8 ms-1 jet show that it is initially drawn into the room and does not reach the floor and as door open duration time increase the jet attaches to the floor.  This can be explained by the reduction in driving force caused by the air exchange deflecting the jet to varying degrees.
Conclusions
These studies have shown that CFD can be used to understand problems and test possible solutions in food refrigeration systems and provides a rapid means to understand airflows and their effect on food temperatures.  Many authors (Baleo et al., 1995); Cortella, 2002; Lan et al., 1996; Navaz et al., 2002: Van Ort & Van Gerwen, 1995; Stribling et al., 1997) have proved CFD’s benefits to predict air flow in display cabinets, however, this work has generally been carried out during research projects lasting a number of months or even years.  The benefit to the display cabinet manufacture is to get results quickly (within a couple of weeks).  It was therefore only practical to model specific problem areas within the whole cabinet.  This strategy has been shown to provide practical design improvements over a short period of time.
This work has shown the importance of setting up an air curtain to give optimal effectiveness.  The best effectiveness predicted by the CFD model was higher than that measured.  However, the limited maximum jet velocity of the fitted air curtain limited the measured results.  The best predicted values of effectiveness were found to be at the upper end of the range of measured values found in the literature (Downing & Meffert, 1993).  Further work reported in a subsequent paper, reduced the experimental door width to 1.0 m so that the air curtain covered the full width of the door; the effect of this was to increase the effectiveness from 0.71 to 0.79.  This brought the maximum measured effectiveness closer to the predicted (0.84).  
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